Peripheral nerve injury in neonatal rats results in the death of the majority of the axotomized sensory neurons by 7 d after injury. In adult animals, however, all sensory neurons survive for at least 4 months after axotomy. How sensory neurons acquire the capacity to survive axonal injury is not known. Here we describe how the expression of the small heat shock protein 27 (HSP27) is correlated with neuronal survival after axotomy in vivo and after NGF withdrawal in vitro. The number of HSP27-immunoreactive neurons in the L4 DRG is low at birth and does not change significantly for 21 d after postnatal day 0 (P0) sciatic nerve axotomy. In contrast, in the adult all axotomized neurons begin to express HSP27. One week after P0 sciatic nerve section the total number of neurons in the L4 DRG is dramatically reduced, but all surviving axotomized neurons, as identified by c-jun immunoreactivity, are immunoreactive for HSP27. In addition, terminal deoxynucleotidyl transferasemediated dUTP nick-end labeling reveals that very few HSP27-expressing neurons are dying 48 hr after neonatal axotomy. In vitro, a similar correlation exists between HSP27 expression and survival; in P0 DRG cultures, neurons that express HSP27 preferentially survive NGF withdrawal. Finally, overexpression of human HSP27 in neonatal rat sensory and sympathetic neurons significantly increases survival after NGF withdrawal, with nearly twice as many neurons surviving at 48 hr. Together these results suggest that HSP27 in sensory neurons plays a role in promoting survival after axotomy or neurotrophin withdrawal.
Peripheral nerve injury in neonatal rats results in the death of the majority of the axotomized sensory neurons by 7 d after injury. In adult animals, however, all sensory neurons survive for at least 4 months after axotomy. How sensory neurons acquire the capacity to survive axonal injury is not known. Here we describe how the expression of the small heat shock protein 27 (HSP27) is correlated with neuronal survival after axotomy in vivo and after NGF withdrawal in vitro. The number of HSP27-immunoreactive neurons in the L4 DRG is low at birth and does not change significantly for 21 d after postnatal day 0 (P0) sciatic nerve axotomy. In contrast, in the adult all axotomized neurons begin to express HSP27. One week after P0 sciatic nerve section the total number of neurons in the L4 DRG is dramatically reduced, but all surviving axotomized neurons, as identified by c-jun immunoreactivity, are immunoreactive for HSP27. In addition, terminal deoxynucleotidyl transferasemediated dUTP nick-end labeling reveals that very few HSP27-expressing neurons are dying 48 hr after neonatal axotomy. In vitro, a similar correlation exists between HSP27 expression and survival; in P0 DRG cultures, neurons that express HSP27 preferentially survive NGF withdrawal. Finally, overexpression of human HSP27 in neonatal rat sensory and sympathetic neurons significantly increases survival after NGF withdrawal, with nearly twice as many neurons surviving at 48 hr. Together these results suggest that HSP27 in sensory neurons plays a role in promoting survival after axotomy or neurotrophin withdrawal.
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Sensory neurons undergo substantial programmed cell death during early embryonic development (Oppenheim, 1991) and continue to be highly susceptible to cell death in the neonatal period. Peripheral nerve injury (Himes and Tessler, 1989) , growth factor withdrawal (Eichler and Rich, 1989) , ionizing radiation (Tong et al., 1997) , capsaicin (Winter et al., 1993) , and sindbis virus infection (Griffin et al., 1997) all induce cell death in neonatal DRG neurons. Adult sensory neurons, in contrast, are much more resistant to all of these insults. In particular, neither peripheral nerve injury (Swett et al., 1995; Lekan et al., 1997) nor NGF deprivation in vivo or in vitro (Johnson et al., 1980; Lindsay, 1988) results in significant early neuronal death in the adult. That adult sensory neurons become refractory to such varied death-inducing stimuli suggests that there is developmental regulation of genes or signal transduction pathways involved in neuronal death.
The pro-apoptotic protein Bax is downregulated while the anti-apoptotic protein Bcl-xL is upregulated in the neonate coincident with increased sensory neuronal ability to survive NGF withdrawal in vitro (Vogelbaum et al., 1998) . However, levels of mRNAs encoding both Bcl-xL and another anti-apoptotic factor, Bcl-2, decrease in the DRG after adult sciatic nerve transection, whereas Bax mRNA levels do not change (Gillardon et al., 1994) , suggesting that regulation of these factors alone cannot explain the increased ability of adult DRG neurons to survive axotomy. Bcl-xL and Bcl-2 mRNAs also decrease after neonatal axotomy; however, a small population of neonatal DRG neurons survives axotomy. The mechanism by which some neonatal neurons can survive axotomy or neurotrophic factor withdrawal whereas others do not is unknown.
We have found recently that the expression of heat shock protein 27 (HSP27) mRNA and protein in the DRG is dramatically upregulated after peripheral nerve injury (Costigan et al., 1998) . HSP27 is constitutively expressed at low levels by a subpopulation of adult primary sensory neurons (Plumier et al., 1997; Costigan et al., 1998) . After peripheral axotomy in the adult, however, virtually all injured sensory neurons express high levels of HSP27 (Costigan et al., 1998; Hopkins et al., 1998) . Expression of HSP27 mRNA in the DRG is also developmentally regulated; low levels are detectable at embryonic day 15, and expression increases gradually, reaching adult levels by postnatal day 21 (P21) (Costigan et al., 1998) .
HSP27 is induced by stressors in a variety of non-neuronal cell types and protects them from insults such as ischemia, heat shock, oxidative stress, and noxious chemicals (Huot et al., 1991; Lavoie et al., 1993; Wu and Welsh, 1996) . HSP27 expression can protect against apoptotic as well as necrotic cell death in non-neuronal cells (Mehlen et al., 1995; Samali and Cotter, 1996) , and exogenous HSP27 has been shown recently to decrease sensory neuron apoptosis after NGF withdrawal in vitro (Wagstaff et al., 1999) . Here we investigate the role of HSP27 in neonatal sensory neu-rons after peripheral nerve injury and NGF withdrawal. Our findings suggest that HSP27 contributes significantly to the survival of sensory neurons under these conditions and is likely to be an important factor for survival of adult sensory neurons as well.
MATERIALS AND METHODS
Surg ical procedures. Sprague Dawley rats were used for all procedures, following Massachusetts General Hospital and National Institutes of Health guidelines. Newborn pups no older than 12 hr were anesthetized by hypothermia until they were unresponsive to any form of mechanical stimuli. The left sciatic nerve was exposed at the midthigh level, ligated with 6.0 suture cotton, and transected. The wound was reclosed with cyanoacrylate, and the pup was returned to its mother. Sciatic nerve transection in adults was done as described previously (Costigan et al., 1998) . For fluorogold double-labeling experiments, 3 l of a 5% solution of fluorogold (Fluorochrome, Denver, C O) was injected into the nerve immediately after transection.
T issue preparation. Animals were terminally anesthetized at various time points (24 hr to 21 d) after transection. L4/ l5 DRGs ipsilateral to the injury were dissected and frozen immediately for immunohistochemistry. Cryosections (20 -30 m thick) of DRG were mounted on Silane-coated slides (Sigma, St. L ouis, MO), air-dried, and fixed for 30 min in 4% paraformaldehyde at 4°C before preincubating in a dilution buffer (0.1 M PBS, 0.8% bovine serum albumin, 0.25% Triton X-100, and 5% normal goat serum) for 1 hr. After three rinses in PBS, sections were incubated in goat anti-HSP27 antibody (1:500 -2000; Santa Cruz Biolabs, Santa Cruz, CA) in dilution buffer at 4°C for 48 hr. Sections were washed three times in PBS, incubated in secondary antibody (rabbit anti-goat; 1:200) for 2 hr at room temperature, and visualized using a standard Vectastain kit (Vector Laboratories, Burlingame, CA). Adult DRG tissue sections used in HSP27-c-jun double-labeling experiments were first incubated in goat anti-HSP27 antibody followed by an incubation in rabbit anti-c-jun (1:100; Oncogene Research Products, C ambridge, M A) antibody. Immunoreactive cells were visualized with C y3-conjugated anti-goat and FI TC -conjugated anti-rabbit secondary antibodies.
For fluorogold experiments, animals were perf used with 4% paraformaldehyde on postnatal day 7. DRGs were removed, post-fixed and cryoprotected, and sectioned on the cryostat (40 m). Free-floating sections were then incubated with goat anti-HSP27 antibody as described above.
Double-labeling with terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling and immunoc ytochemistr y. Tissue was embedded in Tissue-Tek ornithine carbamyl transferase compound (Miles, Elkhart, I N) and sectioned at 20 m on a cryostat. Sections were stained with the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUN EL) method using the ApopTag Fluorescent detection kit (Oncor, Gaithersburg, MD). Sections for double-labeling were incubated in dilution buffer without goat serum, washed, and incubated in either goat anti-HSP27 (1:1000), mouse anti-glial fibrillary acidic protein (GFAP; 1:50; Boehringer Mannheim, Indianapolis, I N), or a mouse antineurofilament (200 kDa; 1:500; Sigma) at room temperature overnight. Secondary antibodies used were C y3-conjugated rabbit anti-goat, C y3-conjugated donkey anti-mouse, or C y3-conjugated goat anti-rabbit (1: 300; Jackson ImmunoResearch, West Grove, PA).
Cell counting. To estimate in vivo cell numbers and construct histograms free of size and shape biases, we counted total and HSP27-immunoreactive neurons in a double dissector paradigm (Pover et al., 1993) . To do this, five pairs of sections (lookup and reference sections) were chosen in a systematic random manner for each animal. Those cells seen in each reference but not in the lookup section were identified and drawn, and their areas were calculated in square micrometers (n ϭ 3-5 animals per condition).
Estimates of c-jun -HSP27 double-labeled cells that contributed axons to the sciatic nerve were made in the following way. Entire ganglia sweeps through every fourth section (15 sections total) were made using a 40ϫ objective, and every c-jun-labeled, HSP27-positive, and doublelabeled neuronal profile was counted (n ϭ 3). For quantitative evaluation of fluorogold-or HSP27-positive ganglion cells, the numbers of fluorogold-labeled or HSP-immunoreactive sensory neuron profiles in every fourth section (10 -15 sections per ganglion) were counted (n ϭ 4). C ells undergoing apoptosis were recognized by the TUN EL method by an intensely fluorescent nucleus. Double-labeled cells exhibited both FI TC (TUN EL positive) and C y3 (HSP27, GFAP, or neurofilament).
Profiles were counted in six to eight sections per ganglion from four animals.
Preparation of DRG neuronal cultures. Animals were decapitated, and ganglia were rapidly removed under aseptic conditions, placed in HBSS (Life Technologies, Gaithersburg, MD), and digested in 0.125% collagenase (Boehringer Mannheim) in DM EM for 20 min followed by 10 min in 0.25% trypsin (Sigma), all at 37°C. Ganglia were washed in DM EM, briefly centrif uged at 1000 rpm, and resuspended in F12 with 10% FBS (Life Technologies), N2 supplement (Life Technologies), 100 ng /ml 2.5 S NGF (Promega, Madison, W I), and penicillin and streptomycin (Sigma). Ganglia were then triturated through a flame-polished pipette ϳ10 times, and the suspension was centrif uged through 15% BSA (fatty acid free; Sigma) in F12. The pellet was resuspended in F12 with the additives listed above, except that serum was reduced to 0.5%. In most experiments, cells were preplated onto uncoated tissue culture dishes for 1.5 hr at 37°C. Nonadherent cells were then recovered from the dishes by gentle pipetting and plated on polyornithine (Sigma)-and laminin (Sigma)-coated glass coverslips. C ells were grown at 37°C in 5% C O 2 and fed every 48 hr. For counts of total neuronal survival, cells in a 50 mm 2 area of each well were counted on the day of NGF withdrawal or refeeding and at 24 hr intervals thereafter. C ells with round, phase-bright bodies and intact neurites were counted as surviving neurons.
Preparation of SCG cultures. Cultures of SCG neurons were prepared essentially as described previously (Lewis et al., 1994) . Briefly, SCG from P1 to P2 rat pups were dissected out and digested in collagenase P (5 mg /ml; Boehringer Mannheim) and dispase (1 mg /ml; Boehringer Mannheim) for 50 min at 37°C. DNase was added, and ganglia were triturated through a flame-polished Pasteur pipet to achieve a single-cell suspension. After washing, cells were plated onto poly-D-lysine-and laminin-coated dishes or slides in OP TI-M EM (Life Technologies) containing 10% fetal bovine serum (Life Technologies), penicillin, streptomycin, 2 mM glutamine, 4 mg /ml glucose, and 100 ng /ml NGF (Boehringer Mannheim). C ytosine arabinoside (ara-C; 10 M) was included for the first 3 d of culture. On the fourth day, cells were refed with OP TI-M EM supplemented as above, except without serum and ara-C.
Immunoc ytochemistr y of primar y cultures. Cultures were fixed in 4% paraformaldehyde for 10 min, followed by three washes in PBS and a 30 -60 min incubation at room temperature in PBS containing 0.25% T ween 20 and 3% of the appropriate serum (TPBS-3%), and then incubated overnight at 4°C in the same buffer containing appropriate dilutions of one of the antibodies listed below. After four washes in TPBS-3%, cultures were incubated for 40 min at room temperature with a 1:300 dilution of FI TC -and /or Texas Red-conjugated secondary antibodies (Vector Laboratories) in PBS, followed by four 5 min washes in PBS, coverslipping with Vectashield (Vector Laboratories), and viewing on an epifluorescent microscope. Nuclei were visualized by including 10 g /ml Hoechst 33342 (Boehringer Mannheim) in the first PBS wash after the secondary antibody incubation. Only protein gene product 9.5 (PGP9.5)-positive cells with clearly fragmented nuclei were scored as apoptotic neurons.
The following dilutions of primary antibodies were used: anti-HSP27 goat polyclonal antibody (Santa Cruz Biolabs) at 1:2000 to visualize endogenous HSP27 and anti-PGP9.5 rabbit polyclonal antibody (Accurate Biochemical) at 1:10,000 to identif y neurons. To visualize human HSP27 in infected cells, a monoclonal antibody specific for human (not cross-reactive with rat) HSP27 (Stressgen) was used at 1:200 or 1:300. The anti-␤-galactosidase monoclonal antibody (Promega) was used at a dilution of 1:500.
V irus infections. Adenovirus constructions have been described previously (Martin et al., 1997) . All recombinant adenoviruses were purified on C sC l gradients (Graham and Prevec, 1995) , plaque-titered on 293 cells, and checked for wild-type contamination by PCR for E1A. For infection, virus was added at a multiplicity of infection (m.o.i.) of 100 to P0 DRG cultures 15-18 hr after plating. At this m.o.i., 75-90% of neurons in neonatal DRG cultures were infected. NGF was withdrawn 36 -48 hr later by removing virus-containing media completely and refeeding with medium containing a 1:300 dilution of an anti-NGF polyclonal antiserum or with NGF-containing medium as a control. Cultures were fixed with 4% paraformaldehyde 48 hr after NGF withdrawal. SCG cultures were infected on the fourth day after plating in OP TI-M EM without serum at m.o.i. values ranging from 20 to 100.
MT T assay for cell survival. For MTT assays, 3-5 ϫ 10 3 cells were plated in each well of a 48-well plate. MTT assays were performed using the C ellTiter 96Aq. kit (Promega).
RESULTS

HSP27 is constitutively expressed by a small subpopulation of sensory neurons throughout postnatal development
We analyzed the developmental regulation of HSP27 in the L4 DRG of rats by counting total numbers of HSP27-immunoreactive neurons at postnatal days 2, 7, and 21. A small percentage of DRG neurons is clearly positive for HSP27 at P2 (Fig. 1 A) . HSP27 immunoreactivity is detectable in 1005 Ϯ 211 L4 DRG neurons at P2, and the number of HSP27-immunoreactive neurons increases steadily postnatally (Fig. 1C) . The number of cells immunoreactive for HSP27 at P21 is similar to that found in adults (Fig. 1C) (Costigan et al., 1998) . Therefore, the proportion of L4 DRG neurons constitutively expressing HSP27 increases from a level of ϳ7% at birth to ϳ20% in adults.
HSP27 expression after neonatal nerve injury
Two days after a peripheral nerve section at P0, the total number of HSP27-immunoreactive cells is not significantly different from that in naive animals at this age (1005 Ϯ 211 in naives; 1246 Ϯ 130 after axotomy; p Ͼ 0.4). This is in marked contrast to the adult, in which essentially all injured neurons upregulate HSP27 within 48 hr after sciatic nerve transection (Costigan et al., 1998) . After P0 axotomy, although total numbers do not change, HSP27-immunoreactive cells appear to express significantly greater amounts of the protein than do those in intact ganglia, as detected by a marked increase in the intensity of immunoreactivity (Fig. 1 B) .
Neurons that survive neonatal nerve injury express HSP27
To test whether those neurons that express HSP27 survive neonatal nerve injury, we assessed DRG neuronal loss after P0 axotomy, counting both total numbers of neurons and the numbers of HSP27-positive neurons 2 and 7 d after axotomy. Two days after axotomy at P0, the total number of L4 DRG neurons is reduced by 26% ( p Ͻ 0.001). By 7 d, the number of neurons has fallen by Ͼ50% ( p Ͻ 0.001; Fig. 2 A) .
Not all L4 DRG neurons project via the sciatic nerve; many contribute to more proximal nerves (Fig. 2 B) and are uninjured after sciatic nerve section. The question then is how many axotomized neurons survive neonatal sciatic nerve section. Estimates of the percentage of L4 DRG neurons with sciatic projections vary between 50 and 70% (Himes and Tessler, 1989; Swett et al., 1991) . These studies were done using fluorogold or HRP to label axons retrogradely in the sciatic nerve, and the variability may be caused in part by leakage of fluorogold into adjacent cells in the ganglion or lack of uptake of the dye by all axons in the nerve. Because c-jun has been shown to be upregulated by axotomized DRG neurons (Jenkins and Hunt, 1991; Jenkins et al., 1993) , we counted the proportion of c-jun-positive neuronal profiles in adult L4 DRG 12 d after sciatic nerve section and found that 55.8 Ϯ 3.8% express c-jun. This indicates that ϳ55-60% of L4 DRG neurons are axotomized by sciatic transection, although this may be a slight underestimate because it has been suggested that a minority of injured sensory neurons do not upregulate c-jun (De Felipe and Belmonte, 1999) . Assuming that only axotomized neurons die, this means that only 5-10% of the axotomized neurons survive 1 week after P0 sciatic nerve section (see Fig.  2 A) . Despite this dramatic loss in injured neurons, there is no reduction in the total numbers of HSP27-positive cells in the L4 DRG at 2, 7, or 21 d after a P0 axotomy compared with that in the L4 DRG from a P2 naive rat pup ( p values Ͼ 0.2; Fig. 2C ). This suggests that cells expressing HSP27 preferentially survive axotomy. To confirm this we examined sections double-labeled for c-jun and HSP27 7 d after a P0 axotomy. At this time point, 100% of cells with clearly c-jun-positive nuclei also expressed HSP27 (Fig. 3) . A few HSP27-positive cells were not c-jun positive; these are likely to reflect a small population of neurons without sciatic projections that constitutively express HSP27.
To confirm these results with a second method, neurons projecting through the sciatic nerve were identified by retrograde labeling with fluorogold; 88 Ϯ 0.9% of fluorogold-positive neuron Figure 1 . Postnatal expression of HSP27 protein in the DRG and expression after sciatic nerve injury. A, At P2, HSP27 immunoreactivity is detectable in a subpopulation of neurons in the L4 DRG of naive animals. B, Two days after nerve injury at P0, the intensity of HSP27 immunoreactivity increases dramatically in the ipsilateral (ipsi) DRG; however, the number of cells that are positive does not increase (see Results). C, The number of DRG neurons constitutively immunoreactive for HSP27 increases postnatally. Numbers are the mean Ϯ SD from three or four animals per age group. contra, Contralateral. Scale bars, 50 m.
profiles were HSP27 immunoreactive (data not shown). Although this is a lower proportion than that found with c-jun-HSP27 colocalization, collectively the data show that the vast majority of surviving axotomized neurons clearly express HSP27, in marked contrast to the naive state.
Most HSP27-expressing sensory neurons do not undergo DNA fragmentation after nerve injury
To exclude the possibility that all axotomized neonatal DRG neurons upregulate HSP27 but subsequently die, we doublelabeled DRG cells with TUNEL (a marker of cells with fragmented DNA) and HSP27, neurofilament (to identify neurons), or GFAP (to identify Schwann and satellite cells) immunolabeling. As reported previously (Whiteside et al., 1998) , there is a dramatic increase in TUNEL-positive profiles 48 hr after P0 axotomy (Fig. 4 A) . The vast majority of these TUNEL-positive cells are neurons, as identified by neurofilament immunoreactivity (Fig. 4 B,C) , whereas very few TUNEL-positive cells were immunoreactive for GFAP (data not shown). At this time point, 9.5 Ϯ 3.26% of neurofilament-immunoreactive profiles are TUNEL positive, whereas only 1.79 Ϯ 2.65% of HSP27-immunoreactive profiles are positive for TUNEL ( p Ͻ 0.005) (Fig. 4 A) . These data are likely to underestimate the difference in the percentage of dying cells in these two populations, because all L4 DRG neurons are neurofilament immunoreactive but only ϳ60% are axotomized by sciatic nerve section and 26% of these are already lost at this time point. These results strongly support the hypothesis that HSP27-expressing sensory neurons are preferentially spared after nerve injury.
Sensory neurons that express HSP27 preferentially survive NGF withdrawal in vitro
The survival of dissociated embryonic sensory neurons in vitro is dependent on the supply of exogenous neurotrophic factors, in particular NGF. At P0 only a minority of DRG neurons survive in dissociated culture without added growth factors (Eichler and Rich, 1989) . HSP27 expression was examined in dissociated P0 neurons cultured in the presence or absence of NGF. After 48 hr of culture without NGF, we find that Ͼ60% of neurons are lost. The majority (80%) of the remaining neurons do not express HSP27, and 66.5 Ϯ 2.3% of these HSP27-negative neurons have pyknotic nuclear profiles (Fig. 5a-c) . In contrast, 20% of surviving neurons do exhibit HSP27 immunoreactivity, but only 8.7 Ϯ 1.6% of these have pyknotic nuclei ( p Ͻ 0.001; Fig. 5e ). This demonstrates a strong correlation between HSP27 expression and neuronal survival in vitro after NGF withdrawal. However, HSP27 expression is not necessary for survival in the presence of NGF; the majority of sensory neurons cultured for 48 hr with NGF do not express HSP27 yet survive and extend long neurites (Fig. 5d) .
Expression of human HSP27 in neonatal rat sensory neurons significantly increases survival after NGF withdrawal
To determine whether the correlation between HSP27 expression and neuronal survival reflects an anti-apoptotic action of the protein, we tested whether HSP27 expression could rescue dissociated P0 DRG neurons from NGF withdrawal. DRG cultures were infected with adenovirus expressing human HSP27 or control adenovirus expressing ␤-galactosidase and subsequently were cultured in the presence or absence of NGF. Infection with the control ␤-galactosidase adenovirus had no effect on the percentage of neurons with pyknotic nuclei in the presence or absence of NGF (data not shown). T wo days after NGF withdrawal, 25 Ϯ 3.5% of neurons infected with ␤-galactosidase control have pyknotic nuclei, whereas only 8.9 Ϯ 0.75% of neurons expressing human HSP27 have pyknotic nuclei ( p Ͻ 0.005; Fig. 6a-e) . To assess whether this decrease in pyknotic profiles was indicative of increased survival, total numbers of surviving neurons in a 50 mm 2 section of each well were counted at 24, 48, and 72 hr after NGF withdrawal. Because 75-90% of neurons were routinely infected under the conditions used, we were able to use total counts without immunostaining for HSP27 or ␤-galactosidase. We found no significant difference between lacZ-infected and uninfected cultures at any time point in the presence or absence of NGF (data not shown). Comparison of the survival of lacZinfected versus HSP27-infected neurons revealed significantly greater survival of HSP27-infected neurons at all time points examined (Fig. 6f ) .
Expression of HSP27 rescues neonatal sympathetic neurons from NGF withdrawal in vitro
To establish whether HSP27 can rescue other types of peripheral neurons from apoptosis, we infected dissociated cultures of neonatal rat SCG with the adenoviruses expressing human HSP27 or ␤-galactosidase and evaluated neuronal survival after NGF withdrawal. The control ␤-galactosidase adenovirus had no effect on cell survival at the m.o.i. values used in these experiments (data not shown). However, 24 hr after NGF withdrawal, human HSP27-expressing neurons had less than one-half as many pyknotic nuclei as did ␤-galactosidase-expressing controls (Fig. 7A) . As a measure of neuronal viability, mitochondrial function was assessed 48 hr after NGF withdrawal using the MTT metabolic assay, revealing that HSP27 expression rescues significant numbers of SCG neurons from NGF withdrawal (Fig. 7B) . These results show that the survival-promoting effects of HSP27 are not specific to primary sensory neurons. 
DISCUSSION
Mature sensory neurons survive axotomy (Lekan et al., 1997) and NGF withdrawal (Lindsay, 1988) , but most neonatal sensory neurons do not. One possible explanation for this is that injured adult DRG neurons themselves become the source of the survival-promoting growth factors normally supplied by the target tissue (Acheson et al., 1995) . Alternatives are that adult sensory neurons decrease levels of molecules necessary for induction of cell death or induce or activate intrinsic survival factors. We have now shown that the regulation of the small heat shock protein HSP27 correlates strongly with sensory neuronal survival and that overexpression of human HSP27 in neonatal rat sensory neurons is sufficient to reduce apoptosis after NGF withdrawal in vitro. These data, together with the upregulation of HSP27 in primary sensory neurons after axotomy in the adult, suggest that HSP27 is an intrinsic survival factor that acts to reduce cell death in sensory neurons. The observation that HSP27 overexpression can also rescue sympathetic neurons from NGF withdrawal in vitro suggests that this role for HSP27 is not limited to sensory neurons.
HSP27 as a survival factor for sensory neurons
HSP27 is expressed constitutively by 5-10% of DRG neurons at birth, and we find that a similar percentage preferentially survive -c) , whereas the majority of those that were negative for HSP27 immunoreactivity had pyknotic nuclei (arrowheads in a-c). e, The percentage of HSP27-immunopositive neurons with pyknotic nuclei was counted, and the same was done for HSP27-immunonegative neurons. Data shown are means Ϯ SD from four independent experiments; a total of 5533 neurons were counted. d, In the presence of NGF, HSP27 was not necessary for either survival or neurite outgrowth (dark cells are HSP27 positive). Scale bars, 50 m.
both axotomy in vivo and NGF withdrawal in vitro. The fact that 88 -100% of this small population of surviving, injured sciatic neurons express HSP27 1 week after a P0 axotomy, as opposed to only 5-10% in naive neonatal animals, suggests the selective survival of cells that express HSP27. Although the most parsimonious explanation for our results is that the cells that express HSP27 constitutively at birth are the same cells that upregulate its expression after axotomy and survive, this cannot be demonstrated directly. T wo possible alternative explanations for our results are that a novel population of neurons upregulates HSP27, whereas the original population downregulates it or dies by P2, or that all injured DRG neurons upregulate HSP27 after P0 axotomy, but the majority die any way. If either of these were the case, many TUN EL -labeled neurons at 48 or 72 hr after P0 axotomy should be HSP27 immunoreactive. Instead, we find that relatively few TUN EL -positive neurons express HSP27. In fact, our data support the hypothesis that HSP27-expressing neurons have a survival advantage after injury; Ͻ2% of HSP27-immunoreactive profiles are TUN EL positive 2 d after axotomy, whereas 9.5% of all neuronal profiles are TUN EL positive. The correlation between survival after axotomy and HSP27 expression also holds for adult animals; all axotomized adult DRG neurons upregulate HSP27 rapidly after injury, and all survive (Costigan et al., 1998 ).
Although we present strong evidence arguing that HSP27 can function as an intrinsic survival factor for sensory neurons, a small proportion of HSP27-expressing neurons die in all of the paradigms we examined. This suggests that HSP27 alone may not be sufficient for survival but requires the expression or activation of other factors not uniformly present in the mixed population of sensory neurons in the DRG.
Potential mechanisms for HSP27 survival activity
HSP27 stabilizes actin microfilaments (Lavoie et al., 1995) , increases glutathione levels, and reduces generation of reactive oxygen species (Mehlen et al., 1996) . It is also a molecular chaperone, enhancing protein refolding and associating with cytoplasmic protease complexes (Ciocca et al., 1993) . Any of these roles may contribute to the rescue of neonatal sensory neurons from apoptosis. Actin proteolysis and depolymerization appear to play a role in neuronal apoptosis, including that induced by NGF withdrawal in embryonic chick sensory neurons (Villa et al., 1998) . Inhibition of actin proteolysis by calpain inhibitors blocks nuclear fragmentation and increases survival of trophic factordeprived ciliary neurons (Villa et al., 1998) . As an actin-binding protein and molecular chaperone, HSP27 might act by protecting microfilaments from degradation and depolymerization. Because trophic factor withdrawal in pheochromocytoma 12 cells, sympathetic neurons, and embryonic motor neurons may also involve the generation of reactive oxygen species (Greenlund et al., 1995; Schulz et al., 1997; Estevez et al., 1998) , the ability of HSP27 to elevate glutathione and reduce production of reactive oxygen species could also be important. Alternatively, the anti-apoptotic role of HSP27 may be the result of a novel f unction of this protein.
The f unction of HSP27 is apparently regulated by phosphorylation by M AP kinase activated protein kinase 2 (C iocca et al., 1993) . However, phosphorylation appears to have opposing effects on different actions of HSP27. Phosphorylation of HSP27 increases its ability to stabilize actin filaments and rescue cells from heat shock and other toxic stimuli (Lavoie et al., 1995; Huot et al., 1996; Guay et al., 1997) , but it is the unphosphorylated form of HSP27 that appears to be important for rescuing N IH3T3 cells from apoptosis induced by tumor necrosis factor ␣ (Mehlen et al., 1997) . We are currently exploring the effects of HSP27 phosphorylation on its ability to promote survival of sensory neurons.
In conclusion, our data suggest that the expression of HSP27 confers a survival advantage to neonatal sensory neurons after injury or NGF deprivation. Similarly, the induction of HSP27 expression in all axotomized DRG neurons in the adult may contribute to their ability to survive axotomy in vivo and NGF withdrawal in vitro. Future characterization of the mechanisms by which HSP27 contributes to neuronal survival as well as the signals responsible for its regulation may identif y new strategies for preventing neuronal death.
